Exchange bias has been widely studied in various magnetic systems for both its theoretical significance and applications in data storage and spin valves. 1, 2 In systems containing antiferromagnetic (AFM)/ferromagnetic (FM) interfaces, exchange bias effect is thought to be caused by the exchange coupling on the interfaces. 3 The exchange bias field can be influenced by various factors, including moment orientation, interface disorder, spin configuration, and magnetic domains. 2, 4 In experiments, exchange bias effect has been investigated a lot on thickness dependence in heterogeneous bilayers, 2,4 size dependence in nanoparticles 5 and cooling field dependence in phase-separated systems. 6, 7 Kinetic arrest has been investigated in several materials with metamagnetic transitions. 8, 9 The metastable state can be kinetically arrested and coexist with the equilibrium state, leading to an inhomogeneous magnetic state. In Fe 2 MnGa ribbons, the exchange bias effect arising from the coexistence of the AFM and FM phases was found. 10 The proportions and sizes of FM and AFM phases can be changed, which realizes the tuning of exchange bias field (H EB ) by different cooling field (H FC ) in a large range. This system is different from most of the conventional exchange bias systems in which the proportions and sizes of FM and AFM phases are fixed once they are fabricated. Therefore, other methods for tuning the exchange bias by changing the proportions and sizes of FM and AFM phases are expected in this system.
In this paper, we present a way to tune the exchange bias field by thermal fluctuation. The precursor ingots of Fe 52 Mn 23 Ga 25 were prepared by arc melting method under an argon atmosphere. The ribbons were obtained by induction melting the ingot in a quartz tube and then ejecting the melt to a copper wheel rotating with a surface velocity of 14.4 m/s. The structure of the samples was examined by x-ray diffraction (XRD) using Cu Ka radiation. Magnetic measurements were performed using superconducting quantum interference device magnetometer (MPMS5& MPMS XL7, Quantum Design).
Stoichiometrical Fe 2 MnGa alloy tends to form a face centered cubic (FCC) structure when prepared by meltspinning method. An AFM-FM transition has been observed which can be induced by temperature or magnetic field. 10, 11 We found that the property of the field-induced transition can be enhanced effectively by slightly modifying the composition. Therefore, Fe 52 Mn 23 Ga 25 melt-spun ribbons were used in this work. The XRD examination shows that the samples are with the same structure as that of the stoichiometrical composition. The remanent magnetization at low temperatures (as shown in Fig. 1(b) ) suggests the kinetic arrest of the FM phase. Part of field-induced FM phase is kinetically arrested and coexists with the AFM phase, giving rise to an inhomogeneous magnetic state after the field cycle. The kinetic arrest effect in this off-stoichiometrical alloy is more effective than that in the stoichiometrical one due to the lower critical parameters.
Hysteresis loops at 5 K are measured after zero-fieldcooling (ZFC, H FC ¼ 0) and field-cooling (FC, H FC ¼ 10 kOe) from 400 K, as shown in the Fig. 2 . The loops show shifts of 0.204 kOe and 1.771 kOe for H FC ¼ 0 and H FC ¼ 10 kOe, respectively. The ZFC loop clearly evidences the AFM-FM/FM-AFM transition in the ascending/descending branch. And the hysteresis loop for H FC ¼ 10 kOe does not show obvious sign of transition. This implies that the arrested FM phase in FC process is more than that in the ZFC process, because considerable FM phase can be retained to low temperatures by this cooling field (see the 10 kOe M(T) curve in Fig. 1(a) ).
Unidirectional anisotropy generated on the interfaces of the AFM and FM phases can be preserved even in the highest field in the magnetization process (where most of the sample is in FM state). 10 Owing to the strong exchange interaction of the AFM, the unidirectional anisotropy can be kept when the sizes of the AFM clusters change during the field cycling. As a result, the exchange bias effect can be observed. The large anisotropy of the AFM phase would benefit from the disordered configuration of atoms which caused by the fast cooling solidification process, the meltspinning in this work. The experimental results indicate that the exchange bias effect would be weakened once the atomic ordering situation was improved by annealing. In addition, the small exchange bias of ZFC loop reflects an irreversible alignment of spin configurations of the AFM phase during the initial magnetization, 12 which is still under study. The H FC dependences of H EB and H C are shown in Fig.  3 . H EB increases as H FC increases for H FC < 5 kOe and declines to a fairly low value around 0.202 kOe for H FC > 20 kOe. H C also shows a peak behavior at 10 kOe but with a slighter decline. In some phase separated systems, the proportions and sizes of FM or AFM phases can be changed by the cooling field, based on which the H EB can be tuned. 7 In Fe 52 Mn 23 Ga 25 ribbons, the proportions and sizes of the two 2011) phases can be changed through the kinetic arrest effect as mentioned above. A higher H FC may cause more AFM region aligned, which would increase the H EB . On the other hand, the sizes of the FM clusters would be enlarged due to a high H FC , which is supposed to reduce the H EB . 13, 14 These two effects compete with each other, thus a peak behavior appears. When H FC is further increased, more FM phase is arrested, which finally results in a state that the AFM clusters with small sizes are embedded in the FM matrix, therefore, H EB is fairly small when H FC is larger than 20 kOe. These results indicate the tuning of H EB by the cooling field which relies on the sensitive dependence of H EB on the proportions and sizes of the AFM and FM phases. In a similar way, tuning of H EB becomes possible if the arrested FM phase could transit to AFM phase. In our present work, the thermal fluctuation process has been designed to change the proportions and sizes of the two phases.
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The tuning by thermal fluctuation is performed as following: (1) cooling the sample in a high field of 50 kOe from 400 K to 5 K (from O to A in the inset of Fig. 4(a)) ; (2) warming the sample in zero field to a given temperature (T W ) (from B to C); and (3) cooling the sample again to 5 K (from C to D) and measuring the hysteresis loop between 650 kOe. It should be noted that the magnetization is still quite large at point B, instead of near-zero, which means that a considerable part of FM phase has been arrested. The decrease of the magnetization evidences that the arrested FM phase is gradually dearrested when the temperature rises from B to C. And when temperature decreases again (from C to D), the magnetization remains constant, which demonstrates that the transition in the warming process stops in the cooling process.
The hysteresis loops measured at 5 K for different T W (5 K, 25 K, and 70 K) are shown in Fig. 4(a) . In the case of T W ¼ 5 K, the loop exhibits a small exchange bias of 0.202 kOe, which stems from the state that the AFM clusters with small sizes are embedded in the FM matrix. For T W ¼ 25 K, H EB increases to 1.79 kOe. However, for T W ¼ 70 K, H EB decreases to 1.27 kOe.
The T W dependences of H EB and H C are shown in the Fig. 4(b) . One can see that, the monotonic increase of T W causes a peak behavior of H EB with a maximum value of 2.11 kOe at T W ¼ 35 K. H C exhibits a similar peak behavior, which reaches its maximum at T W ¼ 25 K. The dramatic increase of H EB as T W < 35 K should be attributed to the growth of the AFM clusters which are embedded in the FM matrix. During the growth, the unidirectional anisotropy preserves on the surfaces of the growing AFM clusters. However, as T W > 35 K, much more arrested FM phase would transit to the AFM phase. The rising of the sizes of AFM clusters could bring magnetic domains which destroy the unidirectional anisotropy, so H EB deceases when T W > 35 K. 4, 13 With this method, a continuous tuning of exchange bias field in a large range from 0.202 kOe to 2.11 kOe is realized.
In summary, tuning of exchange bias by thermal fluctuation has been investigated in Fe 52 Mn 23 Ga 25 ribbons. The offstoichiometrical composition makes the proportions and the sizes of the FM and AFM phases more sensitive to the cooling field than that in Fe 2 MnGa. For high cooling field, there are some small sizes AFM clusters in the sample, most of which is in the kinetically arrested FM phase, and this results in a small exchange bias. The thermal fluctuation method has been designed to effectively dearrest the FM phase. As the thermal fluctuation increases, the proportions and sizes of the FM/AFM phases decrease/increase with stable unidirectional anisotropy. A continuous tuning of exchange bias field in a large range from 0.202 kOe to 2.11 kOe is realized. This work was supported by National Natural Science Foundation of China in Grant Nos. 50971130 and 50971055.
